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The Transmission of Schizophrenia under a Multifactorial
Threshold Model

M. McGUE,1 I. I. GOTTESMAN,2 AND D. C. RAO1,2

SUMMARY

Family studies of schizophrenia have reported elevated rates of both
definite and definite-plus-probable schizophrenia among the relatives
of definite schizophrenics. These elevated rates imply a strong association
between the two forms of diagnosis and suggest some form of familial
transmission. Here we have used recently developed maximum likelihood
methods to investigate this association and characterize the nature of
the familial transmission.

Results indicated that although the two forms of diagnosis were strongly
related, they could not be considered alternative manifestations of a
single liability distribution. Heritability estimates for either form of
diagnosis were comparable (h2 = .668 + .052 and C2 = .191 + .038
for definite while h2 = .628 + .073 and C2 = .236 + .106 for definite-
plus-probable), although cultural transmission (i.e., c2) was statistically
significant only for definite-plus-probable. For either form of diagnosis,
residual twin resemblance was statistically significant and could not be
explained in terms of the effects of genetic dominance. These results
are comparable to those of an earlier analysis based upon a similar data
set. Finally, the statistical correction used to adjust for between-study
heterogeneity in morbidity risk figures did not noticeably alter the pa-
rameter estimates.

INTRODUCTION

Schizophrenia is a common familial psychiatric disorder with a lifetime risk of
approximately 1% by age 55 [1, 21, but the exact nature of its transmission
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remains uncertain [3-8]. The progression of hypothesized models for the mode
of transmission of schizophrenia has closely mirrored advances in methodological
and computational techniques. Early researchers hypothesized that schizophrenia
was a completely penetrant recessive disorder [9], but such a simple mode of
transmission could be rejected by the finding of substantially less than 100%
affected offspring from the matings of two schizophrenics together with equal
risks to siblings and offspring of schizophrenics [10-12].

Subsequently, more general single-locus models have been hypothesized for
the transmission of schizophrenia [ 13]. Under the generalized single major-locus
model, the transmission of schizophrenia is due to the segregation of two alleles
at a single locus. Attempts to fit these models to family or pedigree data have
led to either equivocal [6, 13] or disconfirmatory [14] results. In a recent com-
prehensive assessment of the evidence for and against single-locus transmission,
O'Rourke et al. [7] concluded that such generalized single-locus models were
not consistent with findings from family, twin, and dual-mating studies of schizo-
phrenia; as was the case with the simple completely penetrant recessive hypothesis
that preceded it, the weight of empirical evidence did not support the generalized
single-locus model of schizophrenia. This is not to conclude that there is no
major gene (or genes of large effect) contributing toward the risk for developing
schizophrenia, but only that such a major gene, should it exist, cannot be the
only factor in the transmission of schizophrenia. Other factors that could be
contributing to the transmission of schizophrenia, but are not taken into account
under the generalized single-locus models, would include polygenic and familial
environmental effects.
The finding that a single gene is not sufficient to explain the transmission of

schizophrenia implicates additional or alternative sources of transmission. Al-
ternatives to the generalized single-locus models begin by assuming schizophrenia
to be a threshold character [15, 16]; that is, underlying the categorical phenotype
(i.e., diagnosis) of schizophrenia is an assumed continuous liability toward de-
veloping schizophrenia. Everyone possesses some liability for developing
schizophrenia, but the expression of schizophrenia occurs only when an individual's
combined liability exceeds some fixed threshold value along the liability continuum.
Specific models for the transmission of schizophrenia as a threshold character
can be characterized by those factors assumed to contribute toward the liability
for developing schizophrenia.
The mixed model of Morton and MacLean [ 17] allows for major gene, polygenic,

and environmental effects upon liability and thus includes sources of transmission
other than a single locus. Although the mixed model is the most general model
of transmission available and has proven useful in the study of many quantitative
as well as qualitative characters, many of the complexities of the schizophrenic
phenotype (e.g., variable age of onset and low proportion of multiplex families)
make it difficult to analyze using current programs for mixed model analysis.
Furthermore, the power of a mixed model analysis to identify major gene effects
using qualitative data alone is reduced relative to an analysis based on quantitative
data. This, perhaps, explains the equivocal findings of Carter and Chung [18],
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who failed to resolve major gene vs. polygenic effects statistically in their mixed
model analysis of 365 schizophrenic pedigrees.

Polygenic transmission represents an alternative to single-gene models. Falconer
[15], in his study of congenital malformations, common genetic diseases, and
other threshold characters, considered only polygenic transmission. Gottesman
and Shields [16] were the first to apply this polygenic model to schizophrenia.

Multifactorial threshold models represent major alternatives to the single-locus
models. Under a multifactorial model, familial transmission is due to multiple
genetic (i.e., polygenic) and multiple environmental (familial) factors. Although
no attempt is made to characterize major gene effects under the multifactorial
models, their existence does not necessarily invalidate applications of the model,
an issue that we will address later.

Attempts to study the transmission of schizophrenia under the multifactorial
threshold model have, until recently, been hindered by the lack of efficient and
powerful methods of statistical analysis, difficulties in defining a data set that
would allow resolution of the various transmitted factors, and finally the effects
of varying diagnostic standards on the familial morbidity risk figures (see, for
example, [19, 20]). Recently, Rao et al. [8] and Rice et al. [21] adopted a general
likelihood approach to develop methods for the analysis of the transmission of
threshold characters under multifactorial models that in the former case included
separate components for both polygenic and familial environmental transmission,
and in the latter case, included a single component for both types of transmission.
Rao et al. applied these techniques to an analysis of European family studies of
schizophrenia and concluded that the transmission of schizophrenia could be
accounted for under a liability threshold model with estimates of the genetic and
cultural heritabilities for liability given by .707 + .077 and .203 + .120, re-
spectively.
Here we have updated the Rao et al. European family data set and addressed

some specific issues that remain unresolved in the earlier analysis. First, can we
increase our ability to characterize the transmission of schizophrenia by pooling
information across several studies, or does pooling add noise to the analysis?
Second, as there are varying diagnostic standards depending upon the severity
of the disorder, can information about individuals affected with less severe forms
of schizophrenia be used in our analysis, and, if so, can our model of transmission
account for this gradient of severity? In the first section, we describe available
European family studies of schizophrenia and define a data set to be used in
subsequent analyses. In the second section, we introduce the model and associated
method of analysis. The results are presented in the third section and discussed
in the final section.

FAMILY STUDIES OF SCHIZOPHRENIA

The genetic and cultural transmission of schizophrenia can be resolved through
an analysis of family study results [8]. In table 1, we report the pooled results
of relevant twin and family studies of schizophrenia, all of which have been
undertaken in Western Europe. European investigators, working within a relatively
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TRANSMISSION OF SCHIZOPHRENIA

nonmobile, homogeneous society with a strong tradition of genetic epidemiology,
have enjoyed better access to and cooperation from the relatives of schizophrenics
than their American counterparts [2]. Consequently, we will restrict our analyses
to Western European studies alone. The compilation given in table 1 represents
all published Western European family and twin studies of schizophrenia with
the following exceptions. First, adoption studies [22] have employed unique
selection and diagnostic criteria that preclude meaningful pooling with the other
family studies. Second, as parenthood involves considerable selection for mental
health [23], the risks to parents would not be comparable to other risks and thus
are not included. Third, as the concept and diagnosis of schizophrenia is a relatively
new one [24], risks to grandparents and other ascendants of schizophrenics are
likely to be unreliable, subject to underascertainment and are thus not included.
Finally, as described by Gottesman and Shields [2], due to unique sampling
characteristics, a few individual family studies were deleted as being noncomparable
to other family studies. Usually such studies used probands who were affected
with other psychiatric disorders (e.g., alcoholism, mental retardation) in addition
to their "schizophrenia." Application of these criteria resulted in a different data
set from that used by O'Rourke et al. [7] in their analysis of the generalized
single-locus model.

Table 1 reports the total age-corrected sample sizes (BZ), the corresponding
risk of affection in relatives, the tetrachoric correlations (calculated using lifetime
risks for both forms of diagnosis given by Slater and Cowie [10]), the number
of independent studies pooled, and the x2 statistic used to test the significance
of the between-study heterogeneity in the rates of affection. In all cases, probands
were definite schizophrenics. The table provides this information for both "narrow"
or "definite" diagnoses in relatives of probands and for "wide" or "definite-
plus-probable" diagnoses. Except for twins, all risk figures have been age-cor-
rected. The substantial correlation between age of onset for twins both implies
little need for adjustment, given the follow-up intervals reported for cotwins,
and invalidates standard age-adjustment methods (cf. [25-27]). Consequently,
twin rates remain unadjusted. All concordance rates for twins were probandwise
concordance rates.

For definite diagnosis, we find statistically significant between-study variability
in four of the nine classes of relatives. It should be emphasized that, despite the
significance of the x2 statistics, no single investigation has a substantial effect
on the pooled risks reported in table 1. For example, deleting any single report
on the siblings of schizophrenics would change the present risk of 7.3% for
definite schizophrenia by no more than 0.35%. Although there are fewer significant
heterogeneity x2's when we move to the definite-plus-probable risks (only two
of nine), it would not be appropriate to conclude that allowance for a probable
diagnosis reduces between-study variability. If we take the sum of the X2 statistics
divided by the sum of their degrees of freedom (X2/df ) as a measure of heterogeneity
(a measure that is more sensitive than a simple count of the number of significant
x2's), then we find that both diagnoses result in comparable levels of heterogeneity.
For definite diagnoses, the total, over the nine classes of relatives, X2/df is 2.81,
while for definite-plus-probable, the X2/df is 2.85. In a similar manner, it can be
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shown that rates reported for remote classes of relatives (i.e., second and third
degree) are not more heterogeneous than rates reported for first degree relatives.
The latter finding is at odds with the notion that ascertainment of remote relatives
is less uniform across studies than ascertainment of first degree relatives, at least
for those studies of descendants and collaterals of schizophrenics.
Given the existence of between-study variability, there are several options one

could take in defining a data set for analysis. First, one could take the position
that the existence of any heterogeneity precludes meaningful pooling of the data,
and, consequently, that all analyses should be restricted to single investigations.
Alternatively, we could delete all data on those classes of relatives for which
there was significant between-study heterogeneity with the hope that the resulting
data set would be both homogeneous and allow for the resolution of the transmission
of schizophrenia. A final alternative, less wasteful of information, is to correct
statistically for the effects of heterogeneity upon the variances of the pooled
statistics by using some appropriately defined scaling factor.

Although we are able to take any of these approaches with the present data
set, we prefer the third strategy as it makes maximal use of the information
available. It can be shown (APPENDIX) that the primary statistical effect of
between-study heterogeneity is to inflate the variances of the pooled statistics,
this inflation being roughly proportional to the heterogeneity x2 divided by its
degrees of freedom. For example, the combined risk derived by pooling the
individual risks observed in k homogeneous studies on a total sample of size N
would have a variance proportional to N-1, while if the k studies were hetero-
geneous, the variance of the pooled risk would be approximately proportional to
(N(k - 1)+X2) . Consequently, the additional source of variance in the summary
risks due to between-study heterogeneity can be accounted for by scaling the
total sample sizes for heterogeneous classes to be N . (X2/df) rather than N.
Rao and Morton [28] and Rao et al. [29] used a similar argument for scaling
sample sizes in their analysis of the familial resemblance for IQ. In the analyses
that follow, unless otherwise indicated, we have adjusted the sample sizes only
for those classes where we found significant between-study heterogeneity. Note
that this adjustment does not affect the rate of affection or the tetrachoric correlation.
We will compare results using this correction to results based upon some form
of deletion of heterogeneous data to assess the effects of this adjustment.

In most European investigations, two forms of diagnosis have been used for
relatives of schizophrenics; all probands had a definite diagnosis. A definite
diagnosis was made whenever a relative met the standard (i.e., "textbook")
diagnostic criteria for schizophrenia. A probable diagnosis was made whenever
an individual did not meet standard diagnostic criteria, but, nonetheless, had
most of the signs and symptoms of schizophrenia, was psychotic, and was more
likely to be schizophrenic than to have an affective psychosis [11, 19, 27]. Given
the notion of an underlying liability to schizophrenia, we might hypothesize that
the two forms of diagnosis represent different thresholds along the same liability
distribution (fig. 1; [30]). We can test whether a single liability distribution can
account for the two forms of diagnosis, as, if so, we would expect the tetrachoric
correlations calculated using either form of diagnosis to be equal. In table 2, we
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FIG. 1.-Transmission of definite and definite-plus-probable schizophrenia under a two-threshold
model. Definite schizophrenia occurs whenever an individual's combined liability exceeds TD; definite-
plus-probable schizophrenia occurs whenever an individual's combined liability exceeds Tp. Note
that threshold values are not to scale with the lifetime risks of 0.14% and 0.85% used in the analysis.

give the tetrachoric correlations for each form of diagnosis as well as the estimate
of the common (polychoric) correlation and the x2 statistic used to test the equality
of the two correlations. Correlations were estimated by the method of maximum
likelihood. For the proportion of relatives with definite schizophrenia, the likelihood
was taken to be the integral of a singly truncated normal distribution, and for
the proportion of relatives with a probable diagnosis, the likelihood was taken
to be the integral of a doubly truncated normal distribution. In calculating cor-
relations, the lifetime risk for definite schizophrenia was taken to be 0.85%,
while the lifetime risk for definite-plus-probable was taken to be 0.99%. There
is substantial support for 0.85% being the risk for definite schizophrenia, including
Slater and Cowie's compilation of 17 population-based surveys undertaken in
Western Europe [10]. The lifetime risk for a definite-plus-probable diagnosis
would appear to be in greater doubt. Only three of the above-mentioned population
surveys reported rates for definite-plus-probable, the average being 0.99% +

0.098 [31-33]. Correlations were computed using only those studies in which
both forms of diagnosis were used; consequently, the samples reported in table
2 represent a subset of those given in table 1. The x2 statistic in table 2 is the
likelihood ratio test statistic testing the hypothesis of single common correlation
for both forms of diagnosis against the general hypothesis of two separate cor-
relations. As can be seen, the two-threshold model is rejected; the overall x2 for
the fit of the two-threshold model is 49.93, which on 9 df is highly significant
(P 0). Comparing the correlations for the intermediate category against those
for the extreme category, we note that the former are uniformly higher, suggesting
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TABLE 2

TETRACHORIC AND POLYCHORIC CORRELATIONS AS A FUNCTION OF DIAGNOSIS IN THE RELATIVES OF
DEFINITE SCHIZOPHRENICS

X2 (1 df ) test for
Common for homogeneity of

Relationship to proband Definite only Probable only definite-plus-probable correlations

Spouses .............. .026 .479 .136 9.23*
Children ............. .440 .778 .598 1.03
Siblings .............. .367 .731 .509 4.76*
MZ twins ............ .853 .995 .972 5.31 *
DZ twins ............. .501 .917 .703 5.16*
Half-siblings ......... .279 .533 .375 2.21
Nieces-nephews ....... .199 .201 .198 3.44
First cousins .......... .092 .378 .158 13.57*
Grandchildren ........ .225 .548 .323 5.22*

Total (9 df ) .49.93*

NoTE: Tetrachoric correlations for definite only calculated using lifetime risk of 0.85%; tetrachoric correlations
for probable only calculated using lifetime risk of 0.14%; polychoric correlations calculated assuming two
grades with lifetime risk of extreme grade given by 0.85% and intermediate grade given by 0.14%.

* Test of equality of two tetrachoric correlations significant at P < .05.

that a higher population risk figure for the intermediate category might result in
a fit of the two-threshold model. As there already existed some question regarding
the accuracy of the 0.99% figure, we tested the two-threshold model for three
additional rates for definite-plus-probable: 1.17%, a rate suggested by Slater and
Cowie [10]; 1.25%, an intermediate rate; and 1.39%, the highest rate reported
for definite-plus-probable from the three population surveys [31]. In all cases,
the two-threshold model could be rejected at P < .05, implying that the familial
data rather than specification of the population risk figures led to rejection of the
two-threshold model.
As the risks for probable diagnoses among relatives of definite schizophrenics

is substantially greater than the population risk of 0. 14% (i.e., 0.99%-0.85%),
we are able to conclude that there is a strong, albeit not perfect, association
between the liabilities underlying the two forms of diagnosis. Smith [34] reported
similar results with respect to the relationship between early- and late-onset
diabetes and the relationship between anencephaly and spina bifida, and is able
to quantify the degree of overlap between the liabilities for the disorders because
he had risk figures on relatives of both types of probands. Unfortunately, we do
not have information on the relatives of individuals with a probable diagnosis of
schizophrenia, and, consequently, we are unable to quantify the strength of the
association between the two liabilities [30]. As a result, in all subsequent analyses,
the two forms of diagnoses (i.e., definite and definite-plus-probable) will be
treated separately.

MULTIFACTORIAL THRESHOLD MODEL

Under the present formulation, the transmission of schizophrenia is a result of
the transmission of the liability to schizophrenia. In figure 2, we give a schematic
representation of the path model that we propose for the transmission of liability
within a nuclear family. Liability is assumed to be an additive function of the
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FIG. 2.-Path diagram for the transmission of schizophrenia in nuclear families. G, C, and P
denote genotype, transmissible environment, and phenotype, respectively. Subscripts F, M, 1, and
2 denote father, mother, and two children, respectively.

effects of an individual's genotype (G), transmissible family environment (C),
and an uncorrelated residual environment, which, for convenience, is not pictured.
Only additive genetic effects are considered (dominance and epistasis are assumed
to be zero; cf. [35]). Transmissible family environmental effects reflect those
environmental factors that are potentially transmissible from one generation to
the next (e.g., social class, diet, etc.). Residual environmental effects are factors
that family members do not share in common (e.g., head trauma, birth compli-
cations, etc.). Although the interaction of genotype and familial environment is
assumed to be zero, the interaction of either factor with residual environmental
factors would inflate the variance attributable to residual effects but not otherwise
affect the analyses. Within nuclear families, there are four parameters in the
model; the genetic heritability, h2; the cultural heritability, c2; the effect of parental
environment upon offspring's environment, f; and the correlation between the
transmissible environments of spouses, u. In addition, we have added a fifth
parameter specific to the analysis of twin data. This parameter, t2, is that part of
the total residual variance that is common to either MZ or DZ twins and reflects
all factors such as greater similarity in the trait-relevant environments (prenatal
and/or postnatal) and the existence of nonadditive genetic effects that would lead
to greater resemblance of twins as compared to ordinary siblings. Finally, it
should be emphasized that even though there is no explicit allowance for major
gene effects in the multifactorial threshold model, they are not necessarily excluded.
If a major gene is affecting liability, then h2 would include additive variation at
the major locus while dominance at the major locus would probably lead to an
elevation of both t2 andf.
The expected correlations between liability values of any two members of a

nuclear family, twins, or more distant relatives can be expressed in terms of the
five parameters of the model as shown by Rao et al. [36]. For the classes of
relatives studied here, the expressions for the expected correlations are given in
table 3.
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TABLE 3

COMPARISON OF OBSERVATIONS AND EXPECTATIONS UNDER THE GENERAL FIVE-PARAMETER MODEL

PERCENTAGE DEFINITE
PERCENTAGE DEFINITE AND PROBABLE

RELATIONSHIP EXPECTED CORRELATION Observed Expected Observed Expected

Spouses .......... c2u 1.00 1.19 2.26 2.57
Children ..........½1h2 + c2f(1 + U) 9.35 7.85 12.8 12.1
Siblings .......... t/2h2 + 2c2f2(l + U) 7.30 6.88 9.26 10.1
MZ twins.......... h2 + 2c2f2(1 + U) + t2 44.3 43.3 45.6 45.1
DZ twins ........... /2h2 + 2c2f2(1 + U) + t2 12.1 12.4 13.7 14.3
Half-siblings......... h/4h2 + 2c2f2(l + U) 2.94 3.00 5.99 4.99
Nieces-nephews ......¼/4h2 + 2c2f3(1 + u)2 2.65 2.67 3.46 3.84
Firstcousins ......... h2/8 + 2c2f4(1 + U)3 1.56 1.55 2.44 2.10
Grandchildren ....... ¼14h2 + c2f2(l + u)2 2.84 2.81 4.97 4.34

Likelihood Formulation and Methods ofAnalysis
The details of the likelihood formulation are given by Rao et al. [8]. For each

of the nine types of relationships, assume we observed Ai affected relatives and
Ui unaffected relatives (i = 1, . . . , 9). For heterogeneous classes, both Ai and
Ui have been scaled as described above. The observations for one relationship
are assumed to follow a binomial distribution with the total log likelihood for
the nine types given by

9
InL = > [Ai In qi + Ui In (1 - qi)]

i= 1

where qi is the probability that a relative of type i is affected. Assuming that the
liability distribution for any two relatives is bivariate normal, then qi will be a
function of the correlation between relatives of type i, and, consequently, In L
can be written as a function of the expected correlations (i.e., as functions of
the parameters of the model). The formulation of the likelihood function given
above is strictly valid only when we observe relatives of one class per proband.
Observations on larger sets of relatives would introduce nonbinomial error, although
no bias.

In this way, we can obtain the maximum likelihood estimates of the parameters
by maximizing In L and use the residual In L value to test hypotheses about the
nature of transmission. Let In L1 be the residual value when (x + 13 parameters
are estimated and In L2 be the residual value when only a of the parameters have
been estimated, the other 13 parameters being fixed under a null hypothesis. Then
the likelihood ratio test of the null hypothesis on the 13 parameters is given by
x2= 2(ln LI -In L2), which asymptotically follows a x2 distribution on 1 df.

Analysis consisted of first fitting the general five-parameter model and then
several submodels that allowed tests of the hypotheses of no genetic heritability
(h2 = 0), no cultural heritability (C2 = f = u = 0), no special twin resemblance
(t2 = 0), and no marital resemblance (u = 0). In all analyses, the rate of definite
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schizophrenia was fixed at 0.85%, while the rate of definite-plus-probable was
fixed at 0.99%.

All analyses were performed using ATRIBUTE, a FORTRAN program developed
on the Harris computer [8, 35]. The mixed homogamy model of Rao et al. [36],
with minor changes [29], has been implemented in ATRIBUTE, which accepts data
on 24 types of relatives.

RESULTS

In table 4, we give the results of the hypothesis tests and the parameter estimates
for both forms of diagnosis. For definite diagnosis, there is a very good fit of the
general model to the data (X24 = 2.43, P = .66). The estimated genetic heritability
is large (h2 = .668 ± .052), while the estimate of cultural heritability (C2 =
.191 ± .038) and special twin resemblance (t2 = .140 ± .034) are both moderate.
A model that assumes no genetic transmission does not fit the data and leads to
a substantial increase in the residual x2 statistic (X2I = 42.56, P 0). In contrast,
cultural transmission is not statistically significant when tested using the likelihood
ratio test (X23 = 3.12, P = .37). We find evidence in favor of additional resemblance
unique to twins (X2i = 11.22, P = .001). Finally, we do not find evidence for
marital resemblance (X21 = 0.51, P = .48).
The results based upon the definite-plus-probable diagnosis, although similar,

are not in complete agreement with those found with the definite diagnosis.
Again, the general model fits the data well (X24 = 4.19, P = .38). The estimate
of genetic heritability, although slightly less than before, is in close agreement
with that found with the definite diagnosis (h2 = .628 ± .073). Both cultural
heritability (c2 = .286 ± .106) and assortative mating (u = .516 + .257) are
estimated to be more pronounced, while special twin resemblance is estimated
to be lower (t2 = 0.086 + .025). A different picture emerges from the results
of the hypothesis tests for definite-plus-probable diagnosis. In this case, all effects
are significant. Not allowing any genetic transmission leads to a significant increase
in the residual x2 (X21 = 86.84, P-0) as does no allowance for cultural transmission
(x24 = 23.78, P 0). Special twin resemblance as well as marital resemblance
are significant (X21 = 4.68, P = .031; and X21 = 9.51, P = .002, respectively).
Because there was some question regarding the validity of the 0.99% risk rate
for definite-plus-probable, we also fit the general path model assuming a risk of
1.17%, the rate which, of the four tested, gave the best fit for the two-threshold
model. The results were consistent with those based upon 0.99%, the general
model fitting the data well (X24 = 3.58, P = .47), with estimates of genetic and
cultural heritability being given by h2 = .637 + .075 and c2 = .279 ± .106.
To further investigate the fit of the general model and identify any major

discrepancies, we compared the observed rates of affection with those expected
under the general model in table 4. For definite diagnosis, the observed and
expected rates are in close agreement. Only for children is there a discrepancy
of as much as 1.0% between observation and expectation. Similarly, for definite-
plus-probable, we find a good agreement between observations and expectations,
although here the only relationship that demonstrated even a minor deviation
from expectation was half-siblings. Additionally, in table 4, we find no systematic
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TRANSMISSION OF SCHIZOPHRENIA

tendency for rates in remote relatives to be underpredicted, a finding at odds with
a recent suggestion that schizophrenia is overdiagnosed in first degree relatives
while underdiagnosed for more remote relatives [37].

DISCUSSION

In the case of a definite diagnosis, we found that the transmission of liability
to schizophrenia could be accounted for by genetic factors only, although some
source of special twin resemblance is necessary. Cultural transmission, should
it occur, does not appear to be a major contributor to liability. This finding of
marginal cultural transmission is consistent with attempts to identify specific
environmental factors in schizophrenia [2, 38, 39]. At present, these investigations
have yielded little in the way of specific contributors and have led to the conclusion
that environmental factors in schizophrenia are idiosyncratic and random [2, 40].
Under the present formulation, these idiosyncratic effects are important and could
contribute as much as 26% (1.0 - .74, see table 3) to the variance in total liability
to definite schizophrenia.
By analyzing the rates of both definite and probable schizophrenia in the relatives

of definite schizophrenics, we were able to conclude that the two forms of diagnosis
were not manifestations of the same liability distribution. The two forms of
diagnosis are strongly related, suggesting that a substantial portion of the liability
underlying each diagnosis is shared in common. In addition to this common
liability would be specific factors contributing toward the liability of each diagnosis.
In analyzing the transmission of liability, we found some differences in the pa-
rameter estimates and results of hypotheses tests between the two forms of di-
agnosis. The major differences related to cultural transmission and marital re-
semblance, which are more marked for definite-plus-probable. It would appear
that, should these differences be statistically reliable, those factors that differentiate
the two forms of diagnosis are those environmental effects that spouses and other
family members share in common [41].

For both forms of diagnosis, we found it necessary to posit some form of
special twin resemblance. Although this might reflect greater twin environmental
similarity, it could also reflect other factors that would increase twin concordance
rates relative to the rates for other types of relatives. One such factor is genetic
dominance, which would increase concordance rates in twins and siblings as
compared to all other types of relatives. To test whether dominance was operating,
we reparameterized the model by deleting t2 and added a dominance term 2,
which contributes d2 to the monozygotic (MZ) correlation and d2/4 to both the
dizygotic (DZ) and full-sib correlations. Under this new model, we found that
for both forms of diagnosis the estimates of the dominance variance were near
zero and nonsignificant and, for definite diagnosis, resulted in a poor fit of the
general model to the data. It would appear, therefore, that the special twin re-
semblance is not a result of genetic dominance, although epistatic effects remain
possible.

In the present analyses, we attempted to use as much information as possible
by introducing a scaling factor for between-study heterogeneity. Alternatively,
we could have approached the problem by performing analyses only upon ho-
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mogeneous subsets of the total data set. In table 5, we present the estimates of
genetic and cultural heritability, and the residual variance common to twins that
we obtained when certain portions of the data were deleted. The final two entries
are relevant to the present discussion. The first gives the estimates that result if
we delete all information on classes of relatives for which there is significant
between-study variability. The estimated heritabilities are in close agreement
with those determined from the total data set. The final entry gives the estimates
based upon a single comprehensive investigation (Bleuler [1]; definite diagnosis
only). Bleuler reported rates for spouses, children, siblings, half-siblings, nieces
and nephews, and grandchildren. These relationships allow identification of all
parameters of the general model except t2, which requires observations upon
twins. The point estimate for cultural heritability is larger and genetic heritability
smaller than for the pooled data set, although the associated standard errors are
sufficiently large so as to allow the alternative estimates to be consistent with
the same underlying parameter values. If we compare the results for Bleuler with
the results for the full data set deleting twin data, we find close agreement in the

TABLE 5

EFFECTS OF DELETING FAMILY DATA UPON THE ESTIMATES OF GENETIC AND CULTURAL HERITABILITIES,
AND RESIDUAL VARIANCE COMMON TO TWINS

RELATIONSHIP DELETED DEFINITE DEFINITE-PLUS-PROBABLE

h2 c2 t 2 h2 c2 t 2

None ........................ .668 .191 .141 .628 .286 .086
± .052 ± .038 ± .034 ± .073 ± .106 ± .025

Marital ...................... .679 .187 .134 .614 .284 .101
± .067 ± .048 ± .040 ± .067 ± .075 ± .039

Children ..................... .696 .146 .145 .631 .167 .099
± .066 ± .047 ± .048 ± .083 ± .124 ± .041

Siblings ..................... .707 .191 .102 .647 .286 .054
± .122 ± .313 ± .037 ± .286 ± .105 ± .043

MZ twins .................... .669 .195 .136 .546 .377 .077
± .036 ± .026 ± .025 ± .200 ± .233 ± .039

DZ twins .................... .615 .208 .176 .601 .295 .104
± .053 ± .030 ± .033 ± .149 ± .179 ± .083

Half-siblings ................. .671 .201 .128 .637 .281 .082
± .117 ± .304 ± .063 ± .080 ± .140 ± .041

First cousins ................. .679 .187 .134 .651 .275 .074
± .100 ± .389 ± .058 ± .083 ± .144 ± .044

Nieces-nephews ....... ....... .678 -.191 .131 .629 .277 .081
± .126 ± .431 ± .068 ± .072 ± .133 ± .038

Grandchildren ................ .680 .184 .136 .604 .304 .092
± .094 ± .405 ± .054 ± .082 ± .134 ± .042

All second degree ............. .668 .207 .125 .643 .277 .080
± .183 ± .423 ± .092 ± .079 ± .154 ± .041

All second and third degree .... .668 .208 .124 .677 .250 .073
± .156 ± .353 ± .082 ± .028 ± .023 ± .018

All twin ..................... .596 .404 * .417 .530 *
± .188 ± .308 + .201 ± .227

All heterogeneous .695 .217 .088 .653 .249 .038
(cf. table 1) . ± .066 ± .067 ± .038 ± .075 ± .093 + .043

All studies other than .604 .396 * t t *
Bleuler [1] .................± .339 ± .534

* t2 not estimable.
t Probable diagnosis was not used for children in Bleuler [1] study.
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parameter estimates. As can be seen in table 5, it is only the deletion of the twin
data that has marked influence upon the heritability estimates, this effect being
greater for definite-plus-probable as compared with definite. The effect is to keep
the genetic heritability higher and the cultural heritability lower than it would
otherwise be had twin data not been included.
With a few exceptions, our results for definite diagnosis are in close agreement

with those of Rao et al. [8] based on a similar data set for definite diagnosis.
Although Rao et al. found significant cultural transmission while we did not,
their estimate of .203 + .120 for c2 is in close agreement with ours, and their
finding of significance could be a result of not correcting for between-study
heterogeneity (a factor that these researchers noted could lead to spurious con-
clusions). The second major difference involves marital resemblance. Rao et al.
found significant and substantial marital resemblance on familial environmental
effects (estimated u = .790), while we found a nonsignificant and moderate
amount of marital resemblance (u = .246 + .328). This latter discrepancy is,
most probably, a result of our including two additional studies of the spouses of
schizophrenics for which the reported risks were quite low.
The multifactorial threshold model for the transmission of schizophrenia is

consistent with existing family data on schizophrenics. As important as fitting
existing data is the framework provided by the multifactorial models for future
research efforts. Recent advances in the study of environmental indices and the
transmission of correlated phenotypes [42, 43] will hopefully be extended to
multifactorial models for qualitative phenotypes. If so, such models could provide
a powerful means to investigate putative environmental and biological liabilities
for schizophrenia.
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APPENDIX
EFFECT OF BETWEEN-STUDY HETEROGENEITY UPON THE VARIANCE

OF A POOLED PROPORTION

NOTATION

Assume that for a given type of relationship, we observed sample proportions, Pi, P2,
. , Pk, from each of k independent studies. Let s, be the arc sin transform of the ith

sample proportion, then the distribution of si is, approximately [44], si - N(0i, 1/4Ni),
where N(R, a2) denotes a normal distribution with mean R and variance o2 and Ni is the
sample size observed in the ith study.

If 0 = 01 = 02 = . . . = ok, then there is no between-study heterogeneity. In general,
assume Hi - N(0, c2), where 0 is the common parameter and c2 is the variance due to
heterogeneity. If s equals the sample-size-weighted pooled estimate of 0 (i.e.,

k
s = > NisilN

i= 1
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where

k

N = > N
i=1

is the total sample size), then what we require is an estimate of the variance of s under
the general situation when there is between-study heterogeneity.

DISTRIBUTION AND EXPECTATION OF THE HETEROGENEITY X2
Under the formulation given above it is easy to show that the marginal distribution of

si is N(O, a2 + 1/4Ni), so that the pooled estimate, s, has distribution N(0, 1/4N (1 +
4cr2 XN2/N), the term (1 + 4cr2 IN,2IN) reflecting the inflation of variance due to heter-
ogeneity. The heterogeneity x2 is defined as

k
X= 4Ni(si -S)2

i= 1

which can be expressed as

k

x2 4Ni(si _ 0)2 4N(s 0)2
i= 1

k
- > 4Nj(u2 + 1/4Ni)X2 - (1 + 4 N2N)X

i= 1

X2k- + (k- 1)42 _ 42k var(Nj)N NV

where var(Ni) is the variance of the observed sample sizes and N is the average sample
size. Dividing both sides by the degrees of freedom and taking expectations gives

E(X2 - 1) { 1+ 4u2 } 42( - 1)( N )

The braced term is precisely the inflation factor for the variance in the pooled estimate s.
Consequently, using a total scaled sample size of N . (X2/k - 1) will give a better
approximation to the variance of s, especially when the variance in sample sizes is small
relative to the mean (i.e., when the final term in the above equation is small).
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